This study uses the formation of a mixed metal oxide inside ferritin to tune the band gap energy of the ferritin mineral. The mixed metal oxide is composed of both Co and Mn, and is formed by reacting aqueous Co 2+ with MnO 4 -in the presence of apoferritin. Altering the ratio between the two reactants allowed for controlled tuning of the band gap energies. All minerals formed were indirect band gap materials, with indirect band gap energies ranging from 0.52 to 1.30 eV. The direct transitions were also measured, with energy values ranging from 2.71 to 3.11 eV. Tuning the band gap energies of these samples changes the wavelengths absorbed by each mineral, increasing ferritin's potential in solar-energy harvesting. Additionally, the success of using MnO 4 -in ferritin mineral formation opens the possibility for new mixed metal oxide cores inside ferritin.
Tuning Ferritin's band gap through mixed metal oxide nanoparticle formation 1. Introduction Ferritin is a hollow spherical protein found in many organisms. Its natural role is to control the iron content of cells and blood serum by accepting free iron and oxidizing it to form a ferrihydrite mineral (Fe(O)OH) in its hollow interior [1] . Recent studies have explored the potential of the ferritin mineral core to act as a charge separation catalyst for solar energy harvesting, demonstrating its characteristic as a semiconductor with measurable band gap energies [2] . The benefits of using ferritin come from its ability to form different minerals inside its interior with differing absorption properties [2] [3] [4] [5] . Additionally, the protein shell can withstand a pH range of 3-10 and temperatures up to 70°C [6, 7] . This shell also adds the benefit of providing solubility and stability for normally insoluble minerals [8] .
The native ferrihydrite mineral is easily removed from the ferritin protein, and the resulting shell is termed apoferritin. As stated previously, apoferritin has the capacity to form new mineral cores and has long been used as a scaffold for controlled nanoparticle synthesis. Many different nanoparticles have been formed inside of ferritin, including cobalt [7] , manganese [9] , and titanium oxides [10] . The solar harvesting ability of each of these minerals has been explored through measuring their optical absorption properties [11] .
Many ferritin nanoparticles are formed by introducing apoferritin to a low-oxidation state transition metal. Apoferritin catalyzes the oxidation of the transition metal, with oxygen typically acting as the electron acceptor. The oxidized metal migrates towards a nucleation site on the inside of ferritin, from which ferritin forms its metal oxide core [1] . In some cases, for example cobalt ferritin synthesis, oxygen is thermodynamically unable to oxidize the metal, and hydrogen peroxide is used instead [7, 12] .
The nanoparticles synthesized within ferritin act as semiconductors and have measurable band gap energies [2] [3] [4] [5] . These band gap energies are dependent upon the type and size of mineral formed inside of ferritin, affecting the wavelength of light that can be absorbed [5, 13] . By exchanging the mineral inside of ferritin, one is able to control the band gap and select the wavelength of light used for solar energy harvesting.
A new method for mineral formation in ferritin has recently been discovered by replacing the oxidant (oxygen or peroxide) with permanganate [14] . Permanganate allows for the formation of new nanoparticles inside ferritin with altered band gap energies. This discovery led us to investigate using permanganate to form a mixed metal oxide nanoparticle in ferritin, which would contain both manganese and a second metal of choice. This kind of formation of mixed metal oxides inside ferritin is a new field of study. As such, there are only a few cases where these minerals have been recorded in ferritin. In these instances, the cores formed contain both Fe and Mn and were formed by introducing both metals in a low oxidation state to the apoferritin molecule [5, 15] .
In this study, we use permanganate to oxidize Co 2+ in the presence of apoferritin to form a mixed metal core inside of ferritin. By using different ratios, we are able to tune the band gap of the resultant mineral and increase the potential for ferritin to act as a solar light-harvesting material. We show that permanganate is sufficient to oxidize cobalt, leading to differing mixed metal cores with a range of measurable band gap energies.
Experimental methods
We prepared apoferritin for nanoparticle synthesis by first removing the native ferritin core. This was done through the standard methods of dialyzing the native ferritin against thioglycolic acid [1, 16] .
The synthesis of the ferritin cores was performed by adding 3 mg apoferritin to 1 ml of a buffer solution containing 1 M pH 8.5 N-(1,1-Dimethyl-2-hydroxyethyl)-3-amino-2-hydroxypropanesulfonic acid. This pH value was chosen according to the values tested by Douglas et al in order to give an accurate comparison to previously synthesized cobalt-ferritin [7] . The apoferritin-buffer solution was placed on a magnetic stir plate and stirred at a medium speed. Synthesis of the mixed cobalt/manganese cores was achieved by adding Co(NO 3 ) 2 and KMnO 4 to our buffered solution of apoferritin. Both salts were prepared at 53.3 mM, and enough volume of each salt was added to insert 160 metal atoms per round of injections. This was repeated 9 additional times (i.e. 10 times total, targeting 1600 metal atoms added per ferritin) while waiting 10 min between each round of injections. Different Co:Mn ratios were targeted, ranging from 1600:0 to 0:1600 Co:Mn per ferritin. For each ratio, the total metal count was held constant at 1600 metal atoms/ferritin, and the numbers of both metal types were varied in increments of ±200. The values for each sample are shown in table 1. As an example, sample 5 targeted 800 cobalt and 800 manganese per ferritin. To accomplish this, we added 10 μl of both the Co 2+ and permanganate solutions, each 53.3 mM to the buffered solution for each injection round. Due to the fact that oxygen is unable to oxidize cobalt from its +2 state to its +3 state, the effect of oxygen was negligible and all samples were synthesized aerobically.
After synthesis, all samples were centrifuged at 3100×g for 10 min and the supernatant was decanted. Each sample was then passed over a Sephadex G-100 filtration column (12.5 cm×1 cm) to separate the ferritin from unbound manganese and cobalt metals. The eluent was collected in 1 ml fractions, and the absorbance was measured for each fraction. The absorption at 280 nm was used to determine the presence of either the protein or the metal salt, both of which absorb strongly at that wavelength. Each fraction was also measured for metal content by running each sample on an inductively coupled plasma mass spectrometer (ICP-MS).
The absorption and metal concentration data were used to construct elution profiles for each sample. Fractions containing ferritin were combined for each sample and the protein concentration was determined by the standard Bradford protein assay [17] . The metal content of the combined fractions for each sample was also determined by use of the ICP-MS. The protein and metal concentrations were used to calculate the average number of metal atoms loaded per ferritin. Each sample was then loaded onto a 3 mm carbon mesh copper grid for imaging on a Tecnai TF-20 transmission electron microscope (TEM).
Once core formation was established through these methods, the band gap energies were determined by optical absorption spectroscopy, as outlined by Colton et al [2] . Two light sources were used to measure transmission: a tungsten halogen lamp for measuring visible and IR transmission, and a xenon arc lamp for measuring transmission in the UV range. Light from these lamps passed through a monochromator and a mechanical chopper (allowing for lock-in detection) before passing through the sample, which was placed in a UV-vis cuvette. The transmitted intensity at each wavelength was measured with a photodiode detector. This was repeated with a control, which consisted of the buffer solution placed in a similar cuvette. The transmissions from the controls and the samples were used to calculate the absorbances and produce Tauc plots, from which the indirect and direct band gap energies were determined.
Results and discussion
The reaction of Co 2+ and permanganate in the presence of apoferritin successfully resulted in the formation of metal oxide cores for nearly all tested ratios. The average number of metal atoms loaded into ferritin is shown in table 1 as an indication of nanoparticle size. Core formation was indicated by an olive green-brown color in the apoferritin solution that persisted even after filtration over the Sephadex G-100 column. A precipitate formed during synthesis and was removed through centrifugation. The amount of precipitate increased as permanganate increased, and no precipitate was evident in the sample with no permanganate (sample 1). This precipitate is likely an insoluble compound formed during the reaction mixed with protein lost due to oxidation by permanganate.
A representative elution profile for sample 6 from table 1 is shown in figure 1 and demonstrates the separation of ferritin-bound cobalt and manganese from free metal salts dissolved in the solution. Manganese and cobalt were observed to migrate with the protein ferritin and eluted in fractions 4-6, as shown by the peak on the left. Unbound manganese and cobalt eluted later in samples 13-20 (the right peak). This figure confirms the separation of ferritin with its metal core from unreacted or free manganese and cobalt.
Representative images taken on the TEM are shown in figure 2 for samples 6 and 4. The dark circles represent the protein shell, while the surrounding white halos come from the uranyl acetate stain. The metal oxide core is shown by the bright core inside the protein shell. These images, combined with the elemental analysis information obtained by the ICP-MS, confirm the formation of metal oxide cores inside of ferritin. Optical absorption measurements were performed on all samples, and samples 3-9 were found to be semiconducting materials with an indirect band gap. Samples 1 and 2 showed no detectable band gap energies due to low amounts of mineral formation. The results of the band gap energy measurements for all other samples are included in table 1 and the energies are plotted versus the sample number in figure 3 . Table 1 shows that the ratio of Co 2+ and MnO 4 -greatly affects the formation of the mixed metal oxide cores within ferritin. The number of atoms loaded per ferritin varied widely from less than 30 atoms (see sample 1) to 1102 atoms per ferritin, almost 70% of our target loading (see sample 6). However, for all samples, the final amount of metal loaded into ferritin ended up less than the targeted amount of 1600 atoms per ferritin. This reduced metal loading is attributed in part to the reaction between Co 2+ and MnO 4 -outside of ferritin. Additionally, the elution profiles in figure 1 show that unreacted cobalt atoms remain in solution after the reaction has ended, as indicated by the concentration that eluted in fractions 14-20. Samples 1 and 2 show very high amounts of cobalt in solution, consistent with their low levels of metal loading. Lastly, table 1 shows negligible amounts of Mn in sample 1 and Co in sample 9. Neither metal was included in the respective synthesis for each reaction, and the reported values are likely a result of noise inherent in the metal concentration measurements performed on the ICP-MS. More protein was lost during the reactions when high amounts of permanganate and low amounts of cobalt were present (i.e., samples 7-9) due to an insufficient supply of the electron donor. When the ratio of permanganate to cobalt exceeded 1.67 (as in sample 6), the amount of protein loss increased dramatically and the efficiency of manganese loading decreased (comparing sample 6 to samples 7-9). We also note that sample 8 loaded nearly twice as much manganese as sample 9, even though more permanganate was added to sample 9 than sample 8. The 200 cobalt atoms per ferritin added to sample 8 allows for a much greater increase in manganese loading and demonstrates permanganate's dependence on cobalt as an electron source.
Samples with little to no permanganate present showed minimal loading into ferritin despite high levels of cobalt (see samples 1 and 2, where less than 100 atoms loaded per ferritin). In the absence of MnO , 4 -the apoferritin is unable to oxidize cobalt to its 3+ state, preventing incorporation into the protein's interior. During the reaction, manganese is also incorporated into the ferritin mineral, as detected by ICP-MS analysis. Both manganese and cobalt loaded most efficiently in sample 6, which had the highest total amount of metals atoms loaded while losing less than 10% of total protein.
Efficient loading of cobalt and manganese into ferritin thus requires both metal atoms to be present, with an optimal ratio near 1.67 between manganese and cobalt (sample 6). The ratio of cobalt and permanganate in the final ferritin core greatly affects the band gap energies of the samples. The results followed our hypothesis that changing the ratio between manganese and cobalt shifts the band gap energy. As the relative amount of manganese in each sample increases, the indirect band gap energies increase while the direct band gap energies decrease. The sample synthesized using entirely permanganate (sample 9) shows an indirect band gap energy of 1.30 eV; and as the amount of cobalt increases, the indirect band gap energy decreases until the lowest energy is measured at 0.52 eV (sample 3). The direct gaps show a reverse trend, with band gap energies ranging from 2.73 up to 3.04 eV. These trends of the band gap energy for each sample are apparent in figure 3 . Sample 9, which was synthesized using solely MnO , had the highest indirect band gap energy at 1.30 eV. This value is similar to the 1.30 eV reported by Olsen et al for a sample synthesized in similar conditions using only permanganate [14] . Sample 3, which was synthesized using a Co:Mn ratio of 3:1, has an indirect band gap value near 0.52 eV. Between the two endpoints, the trend in band gaps is fairly monotonic as expected.
Conclusion
Adding Co 2+ and MnO 4 -to a solution containing apoferritin successfully resulted in nanoparticle formation inside of ferritin. The ferritin core contained both cobalt and manganese, and cobalt and manganese loading was established by both ICP-MS and TEM imaging. Maximum loading occurred near a 1.67 ratio between MnO 4 -and Co 2+ and resulted in a core size of 1102 metal atoms per ferritin. Beyond this point, protein loss increased to greater than 20% and loading efficiency decreased. The band gap energies proved to be dependent upon the ratio of metals deposited inside ferritin. Indirect band gap energies of these samples ranged from 0.52 to 1.30 eV and increased as the ratio of manganese to cobalt increased, while the direct band gap energies decreased from 3.11 to 2.71 eV. The ability to change the indirect and direct band gaps by 0.78 eV and 0.40 eV, respectively, demonstrates the potential to tune the band gaps of these ferritin minerals and increase their utility in solar energy harvesting. Additionally, the formation of a mixed cobaltmanganese oxide core suggests the possibility that this method for combining two metals (with a high and low oxidation state, respectively) may be used to create new and unexplored minerals in ferritin.
